Left-Right Asymmetry in the Sea Urchin Embryo Is Regulated by Nodal Signaling on the Right Side  by Duboc, Véronique et al.
Developmental Cell, Vol. 9, 147–158, July, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.devcel.2005.05.008
Left-Right Asymmetry in the Sea Urchin Embryo
Is Regulated by Nodal Signaling on the Right SideVéronique Duboc,1 Eric Röttinger,1 François Lapraz,
Lydia Besnardeau, and Thierry Lepage*
UMR 7009 CNRS
Université de Paris VI
Biologie du Développement
Observatoire Oceanologique
06230 Villefranche-sur-Mer
France
Summary
The asymmetric positioning of internal organs on the
left or right side of the body is highly conserved in
vertebrates and relies on a Nodal signaling pathway
acting on the left side of the embryo. Whether the
same pathway also regulates left-right asymmetry in
invertebrates and what is the evolutionary origin of
the mechanisms controlling left-right determination
are not known. Here, we show that nodal regulates
left-right asymmetry in the sea urchin but that, in-
triguingly, its expression is reversed compared to ver-
tebrates. Nodal signals emitted from the right side of
the larva prevent the right coelomic pouch from form-
ing the imaginal rudiment. Inhibition of Nodal signal-
ing after gastrulation causes formation of an ectopic
rudiment on the right side, leading to twinned urchins
after metamorphosis. In contrast, ectopic activation
of the pathway prevents formation of the rudiment.
Our results show that the mechanisms responsible
for left-right determination are conserved within basal
deuterostomes.
Introduction
Although vertebrates appear bilaterally symmetric, they
display characteristic left-right handedness of internal
organs (Brown and Wolpert, 1990). Unraveling the
mechanisms that are responsible for establishing these
asymmetries and aligning them with respect to the
other embryonic axes is the subject of intense research
(Harvey, 1998; Yost, 1999; Burdine and Schier, 2000;
Hamada et al., 2002; Mercola, 2003; Levin, 2005). While
enormous progress has been made in our understand-
ing of left-right patterning mechanisms, a number of
important questions are still unanswered. In particular,
when and how left-right asymmetry appeared during
evolution and how conserved the mechanisms respon-
sible for establishing handedness in various organisms
are remain unknown.
In vertebrates, the genes encoding the TGF-β-related
factors Nodal and Lefty and the transcription factor
Pitx2 appear to play conserved roles in the molecular
pathway responsible for specification of left-right asym-
metry (Harvey, 1998; Yost, 1999; Burdine and Schier,
2000; Boorman and Shimeld, 2002a; Hamada et al.,*Correspondence: lepage@obs-vlfr.fr
1These authors contributed equally to this work.2002; Mercola, 2003). In amphioxus (cephalochordate)
and ascidians (urochordate), the orthologs of nodal and
pitx2 are also expressed asymmetrically on the left side
(Yasui et al., 2000; Boorman and Shimeld, 2002b; Moro-
kuma et al., 2002; Yu et al., 2002). This suggests that
unilateral expression of nodal and pitx2 is a conserved
chordate feature. However, the function of these asym-
metrically expressed genes in these basal chordates is
not clear. Moreover, nodal and lefty have not been
found in the C. elegans and Drosophila genomes and,
while there is a member of the pitx family in these or-
ganisms, it does not seem to be involved in determina-
tion of left-right asymmetry (Boorman and Shimeld,
2002a). Therefore, the evolutionary origin of this gene
cassette and whether the role of these factors in left-
right morphogenesis predates the chordates is pres-
ently unknown.
Echinoderms have a unique position in metazoan
phylogeny that makes them an interesting phylum to
study left-right asymmetry. Echinoderms are inverte-
brates but belong to the deuterostomes, which include
the chordates and the hemichordates. Echinoderms
and hemichordates form a sister group with the chor-
dates and are therefore among the most basal phyla in
the deuterostome clade. Adult sea urchins are radially
symmetrical, but it is generally admitted that this orga-
nization was recently derived and that echinoderms
evolved from an ancestor that had a bilateral symmetry
(Davidson et al., 1998). Indeed, the embryos and larvae
of echinoderms are bilaterally symmetrical, as are the
larvae of animals belonging to most of the extant phyla.
During sea urchin development, the transition from a
bilateral to a radial body plan relies on an impressive
left-right asymmetric process, during which an imaginal
disk called the rudiment, from which most tissues of
the adult will derive, is formed on the left side of the
larva (Czihak, 1971; Pearse and Cameron, 1991; Lowe
and Wray, 1997; Davidson et al., 1998; Arenas-Mena et
al., 2000). Very few studies have analyzed the mecha-
nisms regulating this asymmetrical process (McCain
and McClay, 1994; Aihara and Amemiya, 2000; Aihara
and Amemiya, 2001). In the course of an elegant series
of ablation experiments, Amemiya and colleagues have
shown that formation of the rudiment depends on cues
present on the right side of the embryo, but the basis
of this intriguing observation is not clear, and the nature
of the signals implicated is not known (Aihara and
Amemiya, 2001).
In this study, we examined the molecular basis of left-
right asymmetry in the sea urchin embryo. We found
that the genes nodal, lefty, and pitx2 are unilaterally
coexpressed in the sea urchin embryo but that, surpris-
ingly, this expression occurs on the right, not the left
side. We provide evidence that the function of Nodal
on the right side is to restrict formation of the rudiment
to the left side. We discuss the evolutionary implica-
tions of our findings in the context of the evolution of
the echinoderm and chordate body plans.
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mMorphological and Molecular Asymmetries along
the Left-Right Axis in the Sea Urchin Embryo b
PIn the sea urchin embryo, formation of the rudiment is
initiated at the end of gastrulation by budding of a sin- p
agle coelomic sac at the tip of the archenteron and sub-
division of this sac into a pair of symmetric coelomic i
epouches (Gustafson and Wolpert, 1963). An unknown
mechanism then breaks this symmetry and initiates the n
2selective transformation of the coelomic pouch and lat-
eral ectoderm located on the left side into a rudiment. p
e(Figure 1). While the molecular mechanisms responsi-
ble for animal-vegetal and oral-aboral (or ventral-dor- w
tsal) polarity begin to be understood (Angerer and An-Figure 1. Left-Right Asymmetry and Rudiment Formation in Sea Urchin Embryos and Larvae
(A) Scheme describing formation of the rudiment (ru) and establishment of left-right asymmetry in the sea urchin larva (adapted from Czihak
[1971] and Wray [1997]). Rudiment formation is initiated at the end of gastrulation when two coelomic sacs (lc and rc) bud off from the tip of
the archenteron. After the larva starts feeding, the coelomic pouches subdivide into axocoel (ax), hydrocoel (hy), and somatocoel (so). Cells
from the left hydrocoel proliferate, while cells from the overlying ectoderm invaginate, forming the vestibule (vb) or amnion, which, together
with the hydrocoel, will form the rudiment, which subsequently increases in size and acquires a typical pentaradial symmetry. On the opposite
side of the rudiment, pedicellariae anlagen (pa) form from the ectoderm overlying the right coelom. After about 4 weeks, a small juvenile sea
urchin emerges through metamorphosis.
(B–I) Formation of the rudiment and metamorphosis in sea urchin larvae. (B) Anal view of a 2-week-old eight-armed larva. (C) Higher-magnifica-
tion view of the left hydrocoel and vestibule. (D) Anal view of a late 3-week-old larva with a rudiment on the left side. (E) Higher-magnification
view of the rudiment showing the first five tube feet. (F) Four-week-old larva with a fully grown rudiment. (G) Higher magnification of the
rudiment showing the mouth at the center of the imaginal disk. (H) Five-week-old larva during metamorphosis. The ectoderm of the larva has
shrunk due to histolysis. (I) Young juvenile sea urchin.erer, 2000; Duboc et al., 2004), the determinism of left-
ight asymmetry in echinoderms is completely enig-
atic. We have investigated the molecular basis of
ilateral asymmetry in the Mediterranean sea urchin
aracentrotus lividus. We identified four genes ex-
ressed early and asymmetrically along the left-right
xis of the larva. Two of these genes encode the signal-
ng factors Nodal and its antagonist Antivin/Lefty. Inter-
stingly, nodal and lefty are also key players in determi-
ation of the oral-aboral axis of the larva (Duboc et al.,
004). After an initial phase of bilaterally symmetric ex-
ression of nodal, which extends from the mes-
nchyme blastula stage to the late gastrula stage and
hich is correlated with the early role of Nodal in forma-
ion of the oral-aboral axis of the embryo (Figure 2A)
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(A–T) Whole-mount in situ hybridizations. The probes used are indicated on the left, the age of the embryos is indicated in the upper right
corners of the panels, and the orientation is indicated on the lower left corner. eP, early pluteus stage; Pr and lPr, prism stage and late prism
stage. an, view from the animal pole; ab, view from the aboral side; vv, view from the blastopore. The white arrows in (B), (G), (L), and (O)
highlight the expression of nodal at the right tip of the archenteron. The black arrows show discontinuous domains of the right ciliary band
expressing nodal, lefty, and pitx2 (the ciliary band contains neurons, and therefore, the asymmetrical expression of nodal in this region may
reflect an asymmetry in the nervous system of the embryo). In (T), sox9 staining is also detected in the stomodeal region, and at later stages,
sox9 is strongly expressed in the oral region and in the ectoderm of the arms of the larva.(Duboc et al., 2004), a second domain of nodal expres-
sion appears at the tip of the archenteron (Figure 2B).
This domain is composed of a few cells located within
the epithelium most frequently on the right side (70%;
n = 120). Moreover, starting at the late gastrula stage,
in all the embryos, the ectodermal expression of nodal
is progressively shifted toward the right side of the
larva (Figures 2C–2H). At the pluteus stage, expression
of nodal is restricted to two regions of the ectoderm
encompassing the right portion of the ciliary band, a
specialized region of the ectoderm containing neuralcells, and to a small group of about ten cuboidal cells
on the right side of the archenteron, which likely corres-
ponds to precursors of the right coelomic pouch (Fig-
ures 2G and 2H). Expression of lefty during this period
essentially followed the expression pattern of nodal in
both germ layers, on the right side of the embryo (Fig-
ures 2I–2L).
The third gene expressed asymmetrically that we
identified encodes the transcription factor Pitx2, which
is expressed in response to Nodal signaling in verte-
brates (Figures 2M–2P) (Logan et al., 1998; Piedra et
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150al., 1998; Ryan et al., 1998; Yoshioka et al., 1998; Essner d
Fet al., 2000; Faucourt et al., 2001; Boorman and Shi-
meld, 2002b). While nodal and lefty are also expressed a
wduring early embryogenesis, pitx2 starts to be ex-
pressed only after gastrulation (for sequence informa- s
ation and Northern blot analysis, see Figure S1 in the
Supplemental Data available with this article online). c
oExpression of pitx2 was first detected at the gastrula
stage in the ectoderm on the right side and near the T
itip of the archenteron (Figure 2M). Expression of pitx2
largely paralleled the expression of nodal during the 3
Nlate gastrula and prism stages (Figures 2N and 2O).
However, while expression of nodal was maintained in m
tthe ectoderm of pluteus larvae, pitx2 transcripts disap-
peared from the ectoderm and persisted only in the b
Cright coelomic pouch at this stage (Figure 2P). An addi-
tional asymmetrically expressed gene was identified e
3that does not belong to the Nodal signaling pathway.
This gene encodes the HMG box-containing transcrip- t
(tion factor of the SoxE family. The most closely related
vertebrate gene being sox9, we therefore refer to this n
(gene as sea urchin sox9 in this study (see Figure S2 for
sequence information and Northern blot analysis). Sea
burchin sox9 expression first starts symmetrically at the
tip of the archenteron before separation of the coelomic t
(sacs at the late gastrula stage (Figure 2Q), then, from
the prism stage to the pluteus stage, sox9 transcripts t
oare restricted to the left coelomic pouch (Figures 2R–
2T). Members of the SoxE gene family play central roles 2
bin chondrogenesis and in sex determination in verte-
brates (Ng et al., 1997; Huang et al., 1999; Vidal et al., c
s2001; Akiyama et al., 2002). The expression of sox9 in
the precursors of the rudiment during sea urchin devel- t
iopment is compatible with a role for this factor in either
or both of these processes, but further studies will be d
mrequired to determine the role of this factor during de-
velopment of echinoderms. t
rThese analyses show that nodal, lefty, pitx2, and sox9
expression display a marked left-right asymmetry in g
tsea urchin larvae, but the right-sided expression of
nodal, lefty, and pitx2 in sea urchin appears to be re- l
versed compared to the chordates where it has been
examined so far. A
i
nPerturbations of Nodal/Activin Signaling
rafter Gastrulation Disrupt Left-Right Patterning
The precocious asymmetric expression of nodal, lefty,
and pitx2 along the left-right axis during gastrula/early A
Cpluteus stages suggests that this signaling pathway
may play a role in establishing bilateral asymmetries in I
Athe sea urchin. To test this idea, we perturbed Nodal
signaling during this period. Inhibition of Nodal function t
mby microinjection of antisense oligonucleotides into the
egg could not be used to test the role of Nodal in estab- w
nlishment of left-right asymmetry, as it prevented estab-
lishment of the oral-aboral axis at earlier stages and l
ccaused radialization of the embryos (Duboc et al.,
2004). To circumvent this problem, we took advantage w
nof the potent antagonist of Nodal/Activin receptor
SB431542 (Inman et al., 2002), as well as of purified o
tActivin proteins. By treating embryos during the period
of oral-aboral axis formation, we first confirmed that i
athese reagents effectively activated or blocked as pre-icted Nodal signaling in the sea urchin embryo (see
igure S3). Embryos were then treated with SB431542
nd Activin after the onset of gastrulation. Treatments
ith SB431542 or with Activin carried out after the on-
et of gastrulation did not perturb formation of the oral-
boral axis, and the larvae developed into morphologi-
ally normal prism and plutei, allowing the expression
f markers of bilateral asymmetry to be examined.
reatments with SB431542 from 18 hr to 24 hr abol-
shed the expression of nodal (Figure 3C), pitx2 (Figure
F), and lefty (Figure 3I), suggesting that continuous
odal signaling during this period is essential for nor-
al expression of all three genes. Strikingly, following
reatment with SB431542, sox9 became expressed in
oth the left and the right coelomic pouch (Figure 3L).
onversely, Activin treatment caused a robust ectopic
xpression of pitx2 in the left coelomic pouch (Figure
G) as well as ectopic expression of nodal and lefty on
he left side of the larva, predominantly in the ectoderm
Figures 3D and 3J). Finally, Activin treatment elimi-
ated the expression of sox9 in the left coelomic pouch
Figure 3M).
In vertebrates, the activity of a H+/K+ ATPase has
een implicated in determination of left-right asymme-
ry upstream of the asymmetrical expression of nodal
Levin et al., 2002). Interestingly, it has been reported
hat inhibitors of the H+/K+ ATPase perturb positioning
f the rudiment in sea urchin larvae (Yuichiro et al.,
003). We therefore examined nodal expression in em-
ryos treated with omeprazole, an inhibitor of this ion
hannel. The sidedness of nodal (Figures 3N–3P) and
ox9 (Figures 3Q–3S) expression was consistently per-
urbed in embryos treated with omeprazole from fertil-
zation onward, and about 30% of the treated larvae
isplayed a reversed left-right positioning of the rudi-
ent (see Table 1 and Figure S4). In contrast, in larvae
reated with the drug after 18 hr (early gastrula), the
udiment was normally positioned on the left side sug-
esting that, in echinoderms like in vertebrates, the ac-
ivity of a H+/K+ ATPase is required early to generate
eft-right asymmetry.
Taken together, these results strongly suggest that an
ctivin/Nodal signaling pathway acts downstream of
on flux on the right side of the embryo to maintain
odal, pitx2, and lefty expression, while it negatively
egulates sox9 expression.
symmetrical Nodal Signaling in the Ectoderm Is
rucial for Establishment of Left-Right Asymmetry
n vertebrates, SB431542 inhibits the activity of both
lk4 and Alk7 (which are receptors for Nodal and Ac-
ivin ligands) as well as Alk5 (a receptor for TGFβ) (In-
an et al., 2002). Therefore, the above experiments
ith SB431542 did not allow us to conclusively desig-
ate Nodal as the ligand responsible for establishing
eft-right asymmetry. To test if Nodal is the signal that
ontrols left-right asymmetry in the sea urchin embryo,
e used embryos in which translation of endogenous
odal transcripts was blocked by antisense oligonucle-
tides (Figure 4A). When antisense morpholine-substi-
uted oligonucleotides against nodal mRNA are injected
nto the egg, both oral-aboral and left-right polarity are
bolished. Formation of the oral-aboral axis in those
Nodal and Left-Right Asymmetry in Echinoderms
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(A) Scheme of the experiment using treatments with SB431542 and Activin.
(B–M) Views from the blastopore of embryos stained for nodal (B–D), pitx2 (E–G), lefty (H–J), and sox9 (K–M). (B, E, H, and K) Control embryos.
(C, F, I, and L) SB431542-treated embryos. (D, G, J, and M) Activin-treated embryos. SB431542 eliminated the asymmetric expression of
nodal (C), while Activin treatments caused a weak ectopic expression of nodal, predominantly in the ectoderm (D). SB431542 and Activin
produced opposite effects on the asymmetric expression of sox9 and pitx2. Expression of pitx2 and lefty was downregulated in the right
coelom by SB431542 (F and I) and was bilateral following treatment with Activin (G and J), while sox9 expression was made bilateral by
SB431542 (L) and downregulated in the left coelom by Activin (M).
(N–S) Expression of nodal and sox9 in control (N and Q) or omeprazole-treated embryos (O, P, R, and S). 36% (n = 61) of the omeprazole-
treated embryos express nodal on the left side, while 32% (n = 22) express sox9 on the right side. Development of omeprazole-treated
embryos was otherwise normal (see Figure S4).embryos can be fully rescued by expressing a synthetic
nodal RNA that is not recognized by the oligonucleotide
into one blastomere of the animal hemisphere at the
8-cell stage (Duboc et al., 2004). The rescued embryos
express exogenous Nodal symmetrically and exclu-
sively in the oral ectoderm, while expression in the en-
domesoderm and most of the ectoderm territory should
be blocked by the morpholino oligonucleotide (Figure
4D). The expression of the left-sided marker sox9 and
of the right-sided marker pitx2 was analyzed in rescued
embryos at the early pluteus stage obtained by thisprocedure. In these embryos, expression of sox9 was
detected in both the left and right coelomic pouches
(n = 14/18) (Figure 4G), suggesting that the asymmetri-
cal expression of nodal on the right side is responsible
for the restriction of sox9 expression to the left side. In
contrast, expression of pitx2 was absent (n = 15/16) in
the coelomic pouches of most of these embryos (Figure
4J), consistent with the absence of asymmetrical nodal
expression in these embryos.
In this rescue experiment, Nodal translation was in-
hibited in the whole endomesoderm as well as in three
Developmental Cell
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Different Drugs
Rudiment Positioning (%)
Periods of Drug Treatment n left right bilateral
Control 151 99.3% 0.7% 0%
SB431542
18–24 hpf 90 1.1% 0% 98.9%
21–27 hpf 86 1.1% 0% 98.9%
24–30 hpf 124 0.9% 0% 99.1%
27–33 hpf 85 2.4% 0% 97.6%
34–42 hpf 67 1.5% 0% 98.5%
20–48 hpf 216 1.4% 0% 98.6%
26–48 hpf 75 2.7% 0% 97.3%
34–48 hpf 165 2.4% 0% 97.6%
42–48 hpf 134 89.6% 0% 10.4%
Omeprazole
0–48 hpf 154 63% 37% 0%
18–48 hpf 87 99% 1% 0%
Embryos were treated with SB431542 (10 M) or omeprazole (100
M) at the indicated periods and raised for 4–5 weeks. The
percentage of embryos displaying a rudiment on the left side or the
right side or on both sides (bilateral) was then scored. n indicates
the total number of embryos scored. hpf, hours postfertilization.two germ layers.Figure 4. Nodal Is the Ligand Responsible for Establishment of
Left-Right Asymmetry
(A) Experimental design to test the role of Nodal signaling in the
establishment of left-right asymmetry.
(B–D) Morphology of live embryos. (B) Control 60 hr pluteus larva.
(C) Confocal microscopy image of a larva radialized by injection of
a morpholino oligonucleotide against nodal (Mo-nodal). (D) Confo-
cal microscopy image of a larva rescued by injection of nodal
mRNA into one blastomere at the 8-cell stage (merged images of
RLDX and FLDX fluorescences). In the course of two independent
experiments, 25 out of 120 surviving larvae (20%) looked essen-
tially like plutei with a fully rescued oral-aboral axis, while 15 larvae
(12%) were only partially rescued. The remaining 80 larvae lacked
an oral-aboral axis. Two-thirds of these radialized larvae displayed
nodal-positive cells in the endoderm and mesoderm, probably re-
sulting from injection in a vegetal blastomere, while the remaining
larvae displayed cells of abnormal size and were considered abnor-
mally developed.
(E) sox9 expression in a control early pluteus larva (viewed from the
animal pole).
(F) Radial expression of sox9 around the tip of the archenteron in a
larva radialized by injection of Mo-nodal in the egg.
(G) Expression of sox9 in both coelomic pouches in an embryo
injected with Mo-nodal in the egg then with nodal RNA at the
8-cell stage.
(H) Expression of pitx2 in a control pluteus larva.
(I) Absence of expression of pitx2 in a larva radialized by injection
of Mo-nodal in the egg.
(J) Absence of expression of pitx2 in the coelomic pouches and
ectoderm of a larva obtained by injection of Mo-nodal in the egg
followed by injection of nodal RNA at the 8-cell stage.quarters of the ectoderm, including the lateral ecto-
derm that normally expresses nodal asymmetrically. It
therefore did not allow to distinguish whether duplica-
tion of the coelomic rudiment resulted from the ab-
sence of asymmetrical Nodal signaling in the ectoderm
or from inhibition of Nodal translation in the endomes-
oderm. To distinguish between these possibilities, we
selectively blocked Nodal translation either in the ecto-
derm or in the endomesoderm by injecting the Nodal
morpholino into the four animal or the four vegetal blas-
tomeres of embryos at the 8-cell stage (Figure 5A).
When translation of the nodal transcript was blocked in
the vegetal blastomeres, the embryos developed into
plutei with a normal oral-aboral polarity consistent with
the absence of nodal expression in the endomesoderm
during the period of oral-aboral axis specification (Fig-
ures 5B–5D). Surprisingly, in most of these embryos
(6/7), pitx2 was expressed normally in the right coelomic
pouch and right lateral ectoderm despite the presence
of the antisense oligonucleotide in the endomesoderm.
Similarly, sox9 was preferentially expressed in the left
coelomic rudiment in the embryos in which Nodal transla-
tion was inhibited in the endomesoderm (5/5). These ob-
servations suggest that the expression of Nodal in the
endomesoderm is not necessary for the asymmetrical
expression of sox9 and pitx2 in the coelomic rudiment.
When nodal translation was blocked selectively in the
ectoderm (animal pole injection), oral-aboral polarity
was not established, and the resulting embryos were
strongly radialized (Figures 5E–5G). Unexpectedly, ex-
pression of pitx2 (Figure 5L) was not detectable in these
embryos (6/6), while sox9 (Figure 5M) was weakly and
symmetrically expressed around the tip of the archen- N
teron. Taken together, these results suggest that the o
asymmetrical ectodermal expression of Nodal is crucial F
for the asymmetrical expression of sox9 and pitx2 in e
the endomesoderm and that establishment of left-right a
asymmetry results from Nodal signaling between the fodal Signaling Prevents Formation
f the Rudiment on the Right Side
inally, we wanted to examine if these asymmetric gene
xpressions had consequences on the most obvious
symmetrical event of sea urchin embryogenesis, i.e.,
ormation of the rudiment. A small number of the res-
cued larvae obtained by microinjection of the Nodal
Nodal and Left-Right Asymmetry in Echinoderms
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Endomesoderm Does Not
(A) Scheme of the experiment. Because of their morphology, embryos at the 4-cell stage deposited in the injection chamber orient themselves
with the animal-vegetal axis orthogonal to the bottom. At the next division, the cleavage plane is equatorial and separates the presumptive
ectoderm and presumptive mesendoderm. The four upper blastomeres, which therefore correspond either to the animal or to the vegetal
quartets, are injected with the Nodal morpholino together with RLDX.
(B–D) Fluorescence images of embryos injected in the four animal blastomeres. (B and C) 24 hr embryos. (D) 36 hr embryo. Note the
radialized phenotype due to the absence of Nodal signaling in the ectoderm. (E–G) Fluorescence images of embryos injected in the four
vegetal blastomeres.
(E and F) 24 hr embryos.
(G) 36 hr embryo.
(H–M) Views from the blastopore of embryos stained for pitx2 (H, J, and L) or sox9 (I, K, and M). (H and I) Control embryos. (J and K) Injection
targeted to the endomesoderm precursors. (L and M) Injection targeted to the ectoderm precursors. As a control experiment, we checked
that the Nodal morpholino similarly blocks translation of nodal in the endomesoderm and in the ectoderm (see Figure S5).morpholino in the egg followed by microinjection of
nodal mRNA at the 8-cell stage were successfully
raised up to metamorphosis (Figure 6A). Strikingly, 5/6
of these larvae formed two rudiments, one located on
the left side and the other on the opposite right side
(Figure 6F). The right-sided rudiment appeared func-
tionally equivalent to the endogenous rudiment, be-
cause when these larvae with bilateral rudiments meta-
morphosed, each rudiment gave rise to a small juvenile
resulting in two small urchins joined by their aboral side
(Figure 6G). Similarly, nearly all (251/255) the larvae that
had been treated with the Nodal receptor inhibitor later
developed with an ectopic rudiment on the right side
(Figure 6J) and gave rise to conjoined urchins (Figure
6K). We found that a 6 hr treatment with the Nodal re-
ceptor inhibitor initiated at the early gastrula stage was
sufficient to provoke duplication of the rudiment and
that the period of sensitivity to the inhibitor extended
from early gastrula (18 hr) to early pluteus (42 hr) (Table
1), which correlates with the period of asymmetrical ex-
pression of nodal, lefty, and pitx2. Conversely, embryos
treated with 60 ng/ml Activin at the early gastrula stage
developed into pluteus larvae with a normal morphol-
ogy that failed to form a rudiment (Figures 6L and 6M).The pedicellariae anlagen positioned on the right side
of untreated embryos appeared to develop on both the
right and left sides of Activin-treated embryos, indicat-
ing that cells on the left side had adopted a right-sided
identity (Figure 6N). Taken together, these results sug-
gest that Nodal signaling on the right side is required
between the early gastrula and early pluteus stage to
restrict formation of the rudiment to the left side. To
confirm this idea, we blocked Nodal signaling specific-
ally on the right side (Figures 6O–6R). We injected the
Nodal morpholino together with RLDX into two blasto-
meres at the 4-cell stage and selected larvae contain-
ing the lineage tracer unilaterally on the right side. In-
deed, six out of eight larvae obtained by this procedure
developed an ectopic rudiment on the right side.
Discussion
Molecular Basis of Left-Right Asymmetry
in the Sea Urchin
The molecular mechanism underlying the differential
morphogenesis of the left and right coeloms of echino-
derm larvae has been a long-unanswered question.
Muller first reported that both the right and left coe-
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154Figure 6. Loss of Asymmetric Nodal Signal-
ing Causes Duplication of the Rudiment,
While Treatment with Activin Represses For-
mation of the Rudiment
(A) First experimental design to test the role
of Nodal signaling in rudiment formation.
(B) Control 48 hr pluteus larva.
(C) Twenty-five-day-old control pluteus larva
(anal view) with rudiment on the left side (big
arrow) and pedicellariae anlagen on the right
side (small arrows).
(D) Newly metamorphosed juvenile from
control larva.
(E) Pluteus larva obtained by injection of the
morpholino against nodal in the egg fol-
lowed by injection of nodal mRNA at the
8-cell stage.
(F) Same larva after 28 days in culture. Inhibi-
tion of Nodal signaling has caused the for-
mation of an extra rudiment on the right side.
(G) Double urchin juveniles produced after
metamorphosis of this larva. The dotted line
indicates the plane of junction of the two
sea urchins.
(H) Scheme of a second experiment using
treatments with SB431542 and Activin to test
the role of Nodal signaling in rudiment for-
mation.
(I–N) Treatments with SB431542 after gastru-
lation cause formation of an extra rudiment,
while treatments with Activin after gastrula-
tion repress formation of the endogenous ru-
diment. (I) Treatments with SB431542 from
18 hr (early gastrula) to 42 hr (early pluteus)
produce morphologically normal pluteus lar-
vae. (J) 98% of the SB431542-treated larvae
later develop with an extra rudiment on the
right side (arrow) (larva oriented as in [C]). (K)
Twinned juveniles produced after metamor-
phosis of SB431542-treated larvae. (L) Mor-
phologically normal pluteus larva derived
from an Activin-treated embryo. (M) The ru-
diment is absent in these larvae. (N) Enlarge-
ment of the rectangle shown in (M), showing
pedicellariae anlagen both on the left and
right sides (arrows). Numbers: number of
embryos displaying the described pheno-
type/total number of embryos scored.
(O) Third experimental design to test the role
of Nodal signaling on the right side.
(P and Q) DIC and fluorescence images of an
embryo injected into two blastomeres at the
4-cell stage. Out of 40 injected embryos, 8
displayed a clear restriction of the lineage
tracer to the right half and were further
raised (note that these embryos have a per-
fectly normal oral-aboral axis despite the
presence of the Nodal morpholino in half of
the oral ectoderm). Most (6/8) of these em-
bryos developed with two rudiments.
(R) Example of larva with a double rudiment
obtained in this experiment.
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155lomic pouches of brittle stars and holothurian larvae
have the potential to differentiate into a rudiment
(Muller, 1849), and many authors since reported the oc-
currence of situs inversus and, even more rarely, of lar-
vae with bilateral rudiments (Czihak, 1971; Horstadius,
1973). However, the molecular basis of the left-right
asymmetry in echinoderms was a complete mystery,
and our general knowledge of the processes and devel-
opmental mechanisms occurring during late larval
stages remained relatively poor. We have shown that
three genes, nodal, lefty, and pitx2, which have been
implicated in establishment of left-right asymmetry in
chordates, are also asymmetrically expressed in the
sea urchin embryo. Moreover, using both gain- and
loss-of-function experiments, we have begun to eluci-
date the molecular mechanisms that restrict formation
of the rudiment to the left side. We have shown that
broad ectopic activation of Nodal signaling after gas-
trulation is sufficient to prevent formation of the rudi-
ment on the left side, while inhibition of Nodal signaling
in most of the ectoderm is sufficient to initiate forma-
tion of an additional rudiment on the right side. Our re-
sults demonstrate that Nodal signaling on the right side
is crucial to restrict the potential to form a rudiment
to the left coelomic pouch and suggest that rudiment
normally forms on the left side by default, as result of
active repression on the right side.
While our work shows that genes regulating left-right
asymmetry are conserved in sea urchin, an open ques-
tion now concerns the nature and the conservation of
the upstream events responsible for breaking the bilat-
eral symmetry of the embryo. Our finding that the H+/
K+ ATPase is also required to set up the asymmetrical
expression of nodal in the sea urchin embryo suggests
that some of the early steps of left-right patterning may
also be conserved among deuterostomes. Hopefully,
the sea urchin embryo with its exceptional clarity and
suitability to various operations may prove to be a use-
ful model to analyze these events.
Implications Regarding Experimental Manipulations
in the Sea Urchin Embryo
Previous studies have revealed that left-right asymme-
try is always specified with respect to the oral-aboral
axis (McCain and McClay, 1994; Danos and Yost, 1995;
Summers et al., 1996). Therefore, in the sea urchin, as
in all the other species, a reversal of the dorsal-ventral
(oral-aboral) axis causes a reversal of the left-right axis,
strongly suggesting that left-right asymmetry is estab-
lished by cell interactions and not by the presence of
cytoplasmic determinants present in the egg. Our find-
ing that left-right asymmetry is regulated by Nodal sig-
nals that also direct establishment of the oral-aboral
axis is consistent with this conclusion. More recently,
Amemiya and colleagues have carried out a compre-
hensive series of ablation experiments and examined
the potential of partial embryos bisected at various
stages to reestablish left-right polarity (Aihara and
Amemiya, 2001). These elegant experiments demon-
strated that left-right patterning was always normal in
embryos derived from right halves, while the embryos
derived from left halves were affected. The surprising
conclusion that emerged from this study is that “left-right polarity is coordinated with oral-aboral polarity by
the right side during normal development” (Aihara and
Amemiya, 2001).
Our results, which show that Nodal signals emitted
from the right ectoderm restrict formation of the rudi-
ment to the left side, are entirely consistent with their
observations. Assuming that the expression of nodal is
conserved in different species of sea urchins, the re-
sults of these experiments may now be interpreted at
the molecular level in light of our findings on the re-
gional expression of nodal on the right side and the role
of Nodal signaling in positioning of the rudiment.
Evolutionary Origin of the Left-Right
Determination Pathway
The evolutionary origin of the molecular pathway regu-
lating left-right asymmetries remains a major unan-
swered question. As suggested previously, one possi-
bility is that left-right handedness arose recently from
preexisting bilaterally symmetrical body plans (Levin,
1997; Levin and Mercola, 1998). However, the alterna-
tive is that ancient preexisting asymmetrical body plans
evolved toward bilateral symmetry. Recent studies have
shown that, in all the chordates examined so far, includ-
ing vertebrates, cephalochordates (Yasui et al., 2000;
Boorman and Shimeld, 2002b), and tunicates (Boorman
and Shimeld, 2002b; Morokuma et al., 2002), nodal and
pitx2 are expressed on the left side, indicating that the
origin of the left-right gene cassette is evolutionary
deep. However, no data have been available concern-
ing nonchordate deuterostomes. Our data indicate that
the core elements of the regulatory cascade responsi-
ble for left-right organization were already present be-
fore the separation of chordates and echinoderms 550
million years ago and may be common to all deutero-
stomes. The fact that both basal deuterostomes and ver-
tebrates use Nodal signaling extensively during axis
formation, and the conserved role of Nodal in establish-
ment of bilateral asymmetries, highlights the remark-
able aptitude of this pathway to be used as a regulator
of axis formation during evolution.
Molecular Origin of Left-Right Asymmetry
and the Dorsal-Ventral to Left-Right
Transformation Hypothesis
One hypothesis proposed to explain the molecular ori-
gin of vertebrate left-right asymmetry is that in the
course of evolution a transformation occurred in a re-
mote urbilaterian ancestor that progressively trans-
formed the lateral sides into novel dorsal and ventral
sides, or in other words that the left-right organization
of extant chordates originated from a 90° rotation of the
dorsal-ventral axis followed by reacquisition to varying
extents of a symmetrical organization (Jefferies et al.,
1996; Cooke, 2004). It has also been suggested that
development of echinoderms, which shows that the
oral-aboral axis of the adult and the oral-aboral axis
of the larva are orthogonal, may be recapitulating this
ancestral 90° transformation (Jefferies et al., 1996;
Cooke, 2004). It is therefore striking to find that, during
sea urchin development, the same molecular pathway
encodes information to specify the oral-aboral (or dor-
sal-ventral) and the left-right axis. Moreover, the pro-
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tposition of the expression domain of nodal expression
that occurs during gastrulation is reminiscent of such a h
ttransformation in which a bilaterally symmetrical an-
cestor came to lie on the right side. c
b
iRight-Sided Expression of nodal/lefty/pitx2
land the Dorsal-Ventral Inversion Hypothesis
tThe most intriguing finding of this work is that the sid-
oedness of the expression of nodal, lefty, and pitx2 in
tsea urchin larvae is reversed compared to chordate
pembryos. We envision three possibilities to explain the
dright sidedness of Nodal expression in sea urchin. The
mfirst is that the right sidedness of nodal, lefty, and pitx2
oin sea urchin embryos results from a specialization in
lthe function of these genes that occurred indepen-
dently in the echinoderm lineage in connection with the
Eprocess of rudiment formation. The recruitment of regu-
latory genes to novel developmental roles has already
A
been documented in echinoderms, where it has been A
associated with their highly derived body plan (Lowe o
and Wray, 1997). Another possibility is that our conven- f
ltions about left and right in sea urchin larvae are incor-
brect and that the oral side of the larva is in fact homolo-
bgous to the dorsal side of chordate embryos and not to
m
the ventral side as it is generally thought. The position w
of the nervous system on the oral side of the pluteus P
larva, as well as the presence of an oral organizing cen- a
(ter expressing genes such as nodal and goosecoid
cseems to support this hypothesis (Duboc et al., 2004;
fNakajima et al., 2004). However, this proposal is against
a
the commonly accepted convention that the mouth (
opening defines the surface in contact with the sub- w
stratum and therefore defines the ventral side (Cooke,
2004). A third possibility that would reconcile molecular R
Sdata, zoological conventions, and evolutionary consid-
merations relates to the inversion of the dorsal-ventral
taxis that happened during evolution of bilaterian ani-
pmals (Geoffroy Saint Hilaire, 1822; Arendt and Nubler
d
Jung, 1994; Lacalli, 1995; De Robertis and Sasai, 1996; 5
Gerhart, 2000). The hypothesis of an inversion was first f
Gproposed by Geoffroy Saint Hilaire (1822) to explain the
tinverted dorsal-ventral position of the nerve cord in ar-
(thropods and vertebrates. It was recently reinforced by
astudies on the expression of genes regulating dorsal-
t
ventral patterning and neurogenesis and the discovery a
that conserved molecular pathways regulate formation (
of the dorsal-ventral axis and of the central nervous
system in protostomes and in deuterostomes. While C
Lthis inversion has been placed traditionally between the
dmain protostome and deuterostome branches of meta-
gzoan phylogeny, our data may be interpreted as an indi-
o
cation that this hypothetical inversion occurred after r
the divergence of the common ancestor of echino- w
derms and chordates. As described above, the re- A
pversed expression of nodal, lefty, and pitx2, the fact
tthat the nervous system of sea urchin larvae is located
won the oral side, and the fact that BMP2/4 promotes
aboral (dorsal) fates are consistent with this idea. Given
Cthe available data, it is presently impossible to favor
T
any of these three hypotheses. However, to test these s
ideas, comparisons with hemichordates might be infor- a
umative. While the larvae from directly developing he-ichordates show little left-right asymmetry, in con-
rast, the larvae of indirectly developing hemichordates
ave a marked left-right asymmetry in their anatomy:
he presence of a hydropore that links the left anterior
oelom to the outside (Peterson et al., 1999). It has long
een recognized that the hydropore of hemichordates
s homologous to the hydropore of echinoderms that
inks the hydrocoel to the outside (Hadfield, 1975; Pe-
erson et al., 1997). Analysis of the expression pattern
f nodal, lefty, and pitx2 in this group of animals may
herefore reveal whether the right sidedness of the ex-
ression of these genes is a feature unique to echino-
erms or if it is common to both phyla. These experi-
ents may therefore help to clarify the evolutionary
rigin and ancestral role of this gene cassette in estab-
ishment of left-right asymmetry in deuterostomes.
xperimental Procedures
nimals, Embryos, and Treatments
dult sea urchins (Paracentrotus lividus) were collected in the bay
f Villefranche-sur-Mer. Embryos were cultured at 18°C in Millipore-
iltered sea water and at a density of 5000 per ml. Fertilization enve-
opes were removed by adding 1 mM 3-amino-1,2,4 triazole 1 min
efore insemination to prevent hardening of this envelope followed
y filtration through a 75 m nylon net (Duboc et al., 2004). Treat-
ent with human Activin (a kind gift from Dr. Makoto Asashima)
as performed by adding the factor at 60 ng/ml from a stock in
BS from the early gastrula stage (18 hr) to the prism stage (36 hr)
nd by renewing the factor every 8 hr. Treatments with SB431542
10 M) or omeprazole (100 M) were performed by adding the
hemical diluted from stocks in DMSO in 24-well plates protected
rom light at the desired time. As controls, DMSO or PBS were
dded alone. The action of the inhibitors was terminated by dilution
5000-fold). Experiments with Activin, SB431542, and omeprazole
ere repeated three times with the same results.
NA Injection and Morpholino Injection
ynthesis of capped mRNA coding for Nodal and sequence of the
orpholino oligonucleotide directed against the 5# end of the nodal
ranscript are described in Duboc et al. (2004). To test if the mor-
holino against nodal similarly blocked Nodal translation in the en-
omesoderm and ectoderm, we made a construct containing the
#UTR of nodal fused to GFP. The 5#UTR region of nodal was ampli-
ied by PCR using primer T3 and the following reverse primer: 5#-
GTTTCGGTTGATCGATGCAT-3. This primer is complementary to
he first seven codons of nodal mRNA. and contains a ClaI site
underlined). The PCR product was digested with BamHI and ClaI
nd cloned into pCS2-GFP-CE (a gift of Jeff Miller) digested with
he same enzymes. The resulting pCS2-nodal-GFP was linearized
nd used to synthesize a nodal-GFP RNA that was injected alone
200 g/ml) or together with the morpholino against nodal at 1 mM.
ulture of Larvae
arvae were reared in 2 liter beakers with constant stirring at a
ensity of one larva per 5 ml. They were fed every day with a freshly
rown culture of the unicellular alga Isocrysis thaliana at a density
f about 1000–5000 cells per ml. The presence and position of the
udiment was scored with a dissecting microscope after for 3–4
eeks of culturing, and the larvae were photographed with a Zeiss
xiophot with dark-field and DIC illumination. To observe metamor-
hosis, single larvae competent to metamorphose were transferred
o a petri dish and observed at regular intervals. Metamorphosis
as usually completed in 1–3 hr.
loning of the pitx2 and sox9 cDNAs
he pitx2 and sox9 cDNAs were isolated in a gene expression
creen. cDNAs from a pluteus cDNA library were randomly selected
nd used as templates to synthesize antisense RNA probes (T.L.,
npublished data). The GenBank accession numbers for the Para-
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157centrotus lividus pitx2 and sox9 mRNA sequences are AY714498
and AY776326.
In Situ Hybridization
In situ hybridization was performed with antisense RNA probes and
staged embryos. The nodal, lefty, and brachyury probes have been
described previously (Duboc et al., 2004). All probes were synthe-
sized with the T7 RNA polymerase after linearization by NotI.
RNA Extraction and Northern Blotting
Total RNA from staged embryos was extracted by the method of
Chomczynski and Sacchi (1987). Samples of total RNA (20 g per
lane) were fractionated on 1% agarose gels containing 1.2 M form-
aldehyde and transferred to nylon membranes by standard meth-
ods (Sambrook et al., 1989).
Supplemental Data
The Supplemental Data include five supplemental figures and can
be found with this article online at http://www.developmentalcell.
com/cgi/content/full/9/1/147/DC1/.
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